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Recent discoveries have established the endothelium as a very large and 
highly active endocrine organ which, through its strategic situation be- 
tween the blood and the rest of the body, is responsible for a host of vital 
physiological functions. This in turn is leading to rapid advances in under- 
standing the pathogenesis of some of the most serious and most common 
diseases, including hypertension, atherosclerosis, and inflammation. Edi- 
tors and authors are internationally leading scientists in these investiga- 
tions. 

For the endothelium, as for all other tissues, morphological techniques, 
however ingeniously applied, can provide no more than successive snap- 
shots of continuous dynamic processes. It is only in more recent years that 
these techniques have been supplemented by cell culture in vitro and by 
ingenious uses of endothelial mediators in vivo. Nevertheless, many of the 
most important questions about endothelial functions remain to be an- 
swered. It is the purpose of this book to indicate directions along which 
answers may be found. 
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Introduction 

Successful gene therapy requires the efficient delivery and sus- 
tained expression of a therapeutic gene into the tissues of a 
human body. Most of the candidate tissues for therapeutic gene 
transfer are made of quiescent cells, such as from the brain, 
liver, and muscle. Thus, the optimal vector should infect nondi- 
viding cells, become stably associated with the genome of 
target cells, and support a high, steady-state level of 
transcription. 1 ' 2 Like all vectors derived from retroviruses, 
lentiviral vectors integrate into the chromatin of target cells and 
do not transfer any viral genes. Both of these features are 
important for achieving sustained expression of the transgene. 
Moreover, lentiviral vectors infect nondividing cells, a feature 
sharply distinguishing them from simple or onco-retroviral 
vectors. 3 Upon infection, retroviruses deliver a nucleoprotein 
complex that reverse transcribes the viral RNA and integrates 
the newly made DNA into the chromatin. The nucleoprotein 
complexes of onco-retroviruses are excluded by the nucleus, 
and they reach the chromatin only when the nuclear membrane 
is fragmented during mitosis. This explains the dependence of 
a productive onco-retroviral infection on cell division occurring 
shortly after viral entry. 4 - 5 In contrast, the nucleoprotein 
complexes of lentiviruses contain nuclear localization signals 
that mediate their active transport through the nucleopores 
during interphase. This explains the capacity of lentiviruses to 
infect macrophages, a nondividing cell type. 6 9 



Lentiviruses as Potential Vectors for In Vivo Gene 
Delivery 

Lentiviruses have a narrow range of targets limited to certain cells 
of the monolymphocyte lineages. In addition, lentiviruses are 
major pathogens for their host. Consequently, vectors derived 
from a lentivirus, such as HIV-1, are restricted to CD4 + targets 
and carry the unacceptable risk of generating wild-type HIV by 
recombination of the constructs used to make vector.' 013 As an 
alternative strategy, we generated hybrid vectors with the core 
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derived from HIV-1, thus maintaining the ability of lentiviruses 
to infect nondividing cells, combined with the envelope of anoth- 
er virus. 14 This approach had two important advantages. First, the 
vector could target a broad range of tissues according to the host 
range of the virus donating the envelope. 15 Second, wild-type 
lentivirus could not be generated, as the envelope gene of the 
parental virus was absent from all the components used to pro- 
duce vector. 

Replication-defective, hybrid vectors made by the core pro- 
teins and enzymes of HIV-1 and the envelope of the vesicular 
stomatitis virus or the amphotropic murine leukemia virus 
(MLV), transduced nondividing human cells in vitro, 14 ' 16 and 
neurons after direct injection in vivo. 14 A remarkable efficiency 
of gene transfer was achieved into the brain with long-term 
expression of the transgene in the absence of detectable pathol- 
ogy. 17 However, the biosafety of such a vector remained a cru- 
cial outstanding issue. A second important question was whether 
the vector could transfer genes into tissues other than the brain. 

We thus embarked on the identification of the minimal 
genetic information required for transduction. All HIV-1 
sequences found unnecessary were eliminated from the con- 
structs used to generate the vectors. Three different constructs 
are used to generate vector. Two of the constructs provide the 
packaging functions, with one expressing the core proteins and 
enzymes and the other the envelope protein. The third construct 
expresses the transfer vector RNA. The packaging constructs 
express the viral proteins from heterologous promoters and 
polyadenylation signals and lack the cw-acting sequences 
required for the transfer of the viral genome to target cells. The 
transfer vector construct contains an expression cassette for the 
transgene(s) linked to the viral ds-acting sequences required for 
encapsidation, reverse transcription, and integration. Vector par- 
ticles are assembled by the packaging constructs and only trans- 
fer the vector RNA. This limits the infection process to one 
round (transduction). However, recombination between the dif- 
ferent constructs is possible during vector manufacturing and 
may generate replication-competent retroviruses that represent a 
hazard to the recipient. Using the envelope gene of an unrelated 
virus reduces, but does not eliminate, the risk that a recombinant 
acquires the sequence and originates a new type of virus. 

The successful elimination of the nonessential sequences 
from the constructs used to generate vector resulted in a major 
improvement in vector biosafety. In fact, these sequences are 
important for the replication and pathogenesis of the parental 
virus, and no recombinant can acquire its full pathogeneuc 
potential. In addition to the structural gag, pol, and env genes 
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common to all retroviruses, lentiviruses contain two regulatory 
genes, tat and rev, essential for viral replication, and a set of 
accessory genes, vif, vpr, vpu, and nef for HIV- 1 , that are not 
required for replication in vitro but are essential virulence fac- 
tors in vivo. 1819 Producing vectors in the absence of these genes 
reduces, correspondingly, the risk of generating a pathogenic 
recombinant. 

Recently, we and others showed that deletion of all four 
accessory genes vif, vpr, vpu, and nef from the packaging con- 
struct of an HIV-based vector did not affect the transduction 
efficiency of nondividing cells in culture, 20 " 22 and brain neurons 
in vivo 20 A further gain in biosafety was achieved by the elim- 
ination of the tat gene. Its product is one of the most powerful 
transcriptional activators known and plays a pivotal role in the 
replication of lentiviruses. 23 We showed that the function of the 
tat gene can be provided by strong constitutive promoters 
upstream of the vector transcriptional start site, and that vectors 
generated by such constructs transduced neurons in vivo with 
equal efficiency, whether packaged with or without Tat. 24 

Another advantage of the elimination of HIV genes from the 
vector packaging constructs is that it eased the generation of 
stable packaging cell lines. The production of lentiviral vectors 
is a technical challenge because of the toxic nature of several 
HIV gene products. For example, Vpr causes cell cycle arrest in 
G 2 . 25 Accordingly, vectors have been produced, until now, by 
the transient transfection of the required set of constructs into 
human kidney 293T cells. This approach, however, is hardly 
useful for clinical experimentation, given the difficulties in 
standardization and scale-up. Using inducible promoters and 
the more simplified packaging constructs described in the pre- 
ceding paragraphs, packaging cell lines for lentiviral vectors 
with a satisfactory output have now been generated (L. Naldini 
et al, unpublished data, 1999). 

Significant improvements in biosafety were also achieved by 
the successful generation of self-inactivating lentiviral vec- 
tors. 26 - 27 These vectors are produced by transfer constructs that 
carry an almost complete deletion in the U3 region of the HIV 
3' long terminal repeat (LTR). The U3 region contains the viral 
enhancer and promoter, and the 3' copy is the template used to 
generate both LTRs of the integrated provirus. Thus, transduc- 
tion of vector deleted in the 3' U3 results in the transcriptional 
inactivation of both LTRs. Remarkably, self-inactivating 
lentiviral vectors achieved a transduction efficiency and levels 
of transgene expression driven by an internal promoter similar 
to vectors carrying wild-type LTRs. We also showed that such a 
self-inactivating vector virtually eliminates the risk of vector 
mobilization and recombination with wild-type virus 28 and that, 
owing to the lack of interference from promoter sequences in 
the LTR, improves the performance of internal, tissue-specific, 
or regulatable promoters. 26 

The capacity of lentiviral vectors for in vivo gene delivery 
was first demonstrated in the central nervous system. 14 - 17 Rats 
studied over a period of nine months-the longest time tested- 
after a single intracranial injection of vector expressing 
B-galactose (p-gal) from the cytomegalovirus (CMV) promoter 
showed no decrease in the average number of B-gal positive 
cells and no sign of tissue pathology or immune reaction, indi- 
cating that lifelong expression of an exogenous gene can be 



achieved in normal animals by a single injection of vector. 29 
More recently, the potential uses of lentiviral vectors for in vivo 
delivery were remarkably expanded by the demonstration of 
efficient delivery and stable gene expression in the retina, mus- 
cle, and liver. 30 ' 31 The latter target is of particular interest for 
new therapeutic approaches based on gene transfer for diseases 
such as the deficiencies of blood clotting factors. Significant 
transduction of liver cells was achieved after a single intrapor- 
tal injection of lentiviral vector without the need to induce liver 
regeneration (L. Naldini et al, unpublished data, 1999). Using 
this approach, therapeutically significant, sustained levels of 
factor IX were obtained in the serum of immunocompromised 
mice injected with vector carrying the human factor LX gene 
(L. Naldini et al, unpublished data, 1999). The dose-response 
and kinetics of transgene expression that can be achieved for 
this type of application, and the optimal design of the expres- 
sion cassette in the vector are now being actively investigated. 
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